Flood simulation by using a distributed hydrological model (DHM) has been implemented to support dam operation. This study aims to investigate the applicability of Satellite Based Precipitation (SBP) combined with local rain gauge network as input for flood forecast at Chao Phraya basin, Thailand. DHM was set-up at contributing area to Bhumipol dam for inflow forecast in order to protect lower region. As input data, SBP was combined with local gauge network targeting effect of monsoon. DHM was run during 2007-2010 to validate the spatial and temporal accuracy of corrected SBP. The approach showed reduction of the large overestimations of SBP. Then, the accuracy of discharge simulation was successfully improved. The results indicate feasibility to estimate inflow of Bhumipol dam using corrected SBP with local gauge network. Moreover, this method can be useful not only for risk assessment of flooding, but also support proper dam operation.
INTRODUCTION
Water demand in Thailand has been growing due to population growth and the main sectors of the demand include drinking water, agriculture, industry, hydropower generation, and navigation 1) . Water assessment based on hydro-meteorological observations plays a key role not only in water resources management, but also in protection of Thai society from water-related disasters such as droughts, flooding and landslides. Lately flooding is becoming even a serious concern for Chao Phraya basin because climate change might cause extreme events. 2) In fact, unprecedented flooding caused enormous damage in the economically important cities like Bangkok and Ayutthaya, Thailand in 2011. It is estimated that total flood volume was 15 billion m 3 and the total damage reached more than 1.36 trillion baht (approximately 3.5 trillion Japanese yen). 3) As a key role to obtain accurate estimation of rainfall including its spatial and temporal distribution, it is possible to utilize existing local rain gauge networks and satellite measurement products. However, rain gauge networks might be sparse in developing countries due to the maintenance costs and accessibility. On the other hand, as sensors on board satellites can cover large areas over the globe continuously, the exploitation of global data sets in developing countries has been growing. For example, in poorly gauged regions like in Thailand and the Amazon, the availability of a global data set was assessed by using error evaluations. 4, 5) Furthermore, there is an attempt to improve Satellite Based Precipitation (SBP), namely Tropical Rainfall Measuring Mission (TRMM) measurements with statistical evaluation in South America. 6) However, this product is monthly calibrated using global hydrology network (e.g. long term variability of rainfall); therefore, it doesn't have enough capability to accurately specify local flood events with short duration.
7) The possibility to quantify the biases or tendency of error at regional and local scales is still under investigation. The biases might be associated with the type of rainfall events over the area of interest. The correction factor considering the biases could be applied to SBP and increase the accuracy of local precipitation measurements. For example, in Bangladesh, the availability of the correction factor by using Thiessen polygon areas was attempted over regions with few in-situ data. 8) This paper aims to investigate the applicability of SBP in combination with local rain gauge network to improve the spatial and temporal resolution of rainfall measurements in Chao Phraya River basin. The process is organized in three steps: 1) evaluation of SBP products in regions with few gauges at whole Chao Phraya basin; 2) correction of SBP at whole Chao Phraya basin; 3) application of improved product as input for hydrological model at target basin, i.e. the upper Bhumipol dam basin. The improved measurement product will allow us to detect precipitation pattern and to quantify the risk of flooding. 
STUDY AREA
Chao Phraya River basin covers about one third of Thailand (Fig.1) . It covers approximately 160,000 km 2 and its annual precipitation is about 1,200 mm/year. The basin is traditionally the center of rice production because monsoon weather typically brings more rainfalls from May to October. 4) In this study, the rainy season is classified into Pre monsoon (May-June), main monsoon (July-August), post monsoon (September-October). Chao Phraya River is composed with four major tributaries, namely the Ping River, the Wang River, the Yom River, and the Nan River, which confluent at Nakhon Sawan. In the northern mountainous region, there are valleys covered by forest or bare soil. These valleys, stretching south to north, lead to headwaters. Moreover, two major dams, Sirikit and Bhumipol, are in operation there. The flood control point is set at Chao Phraya dam. 
MATERIALS AND METHODS (1) Precipitation data
In order to analyze rainfall intensities directly measured on the ground, data from two kinds of rain gauge network systems were employed. The first one is an open-source rain gauge network data provided by the Royal Irrigation Department (RID), Hydrology and water management center for upper northern region. The other one is managed by the Thai Meteorological Department (TMD). The temporal resolution is one day for both data. The spatial resolutions are shown as dots in Fig 1. However, the number of active gauges might be slightly different depending on the year because of missing data. Thus, the chart on the Fig 1 shows launched by the National Aeronautics and Space Administration (NASA) and Japan Aerospace Exploration Agency (JAXA) in 1997 provides rainfall data in tropical area with three hour interval. The spatial resolution is 0.25°×0.25° latitude-longitude (approx. 25km) and the distribution is shown as cross points in Fig 1. 
(2) Evaluation
The evaluation of SBP was performed at point scale. Representative rain gauges were selected to compare precipitation with that from TRMM at a point nearest to each rain gauge. Two indicators were applied for the comparison. To evaluate the accuracy of TRMM, the Root Mean Square Error (RMSE) was used as below;
To calculate the satellite based precipitation bias, the Relative Error (RE) was used as below;
Where, N is the number of the day in rainy season; RG daily is the daily value rain gauge; TRMM daily is the daily rainfall measured by the satellite. Moreover, the same statistical parameters were applied to the area draining to three dams; Sirikit, Bhumipol and Chao Phraya as a target areas. In the process, we obtained spatial distribution of rainfall measured by rain gauges and TRMM by Thiessen polygons. Then, the average values were compared.
(3) Correction
We apply the correction method 8) to reduce the bias of TRMM. First of all, correction factor (CF) is calculated at each rain gauging station by using Eq. (3) in the three seasons. The calculation is performed only when RG daily is more than or equal to 1.0 mm/day. In addition, we set upper and lower bounds to the CF as 0.5 and 1.5 respectively to neglect the large error of TRMM.
Where, i classifies the three seasons, k identifies each rain gauge station, Ni is the number of days used for the calculation in the season i and t is time step for rainy day. Here, CF are averaged over targeted years from daily to the monsoon seasons i, i.e. pre-monsoon (May to June), main-monsoon (July to August) and post-monsoon (September to October) to obtain seasonal correction factors. We consider CFs at rain gauge's location because TRMM may fail to estimate at location of rain gauges, and latter is assumed as true value in our study. To consider the distance gap, an integration approach was needed. Secondly, Inverse Distance Weighted (IDW) is applied as interpolation method for correction factors to obtain spatial distribution at every 1 km grid. Thirdly, SBP at each point is multiplied using the spatial distribution of the correction factor to obtain the corrected precipitation data set. Moreover, the relationship between the density of rain gauge network and the effect of correction was examined for the data in 2010. That means CF calculated in 2008 was applied to not-corrected TRMM data in 2010. It is useful for considering how to set and manage ground rainfall measurement products in developing countries to be beneficial for the meteorological departments or authorities. Thus, this validation investigates how the number of rain gauge affects the effect of correction for satellite based estimation. We assumed spatially average daily rainfall by all available rain gauges in 2010 as true values. The number of rain gauges used for CF in 2008 was randomly decreased to 80%, 60%, 50%, 40%, 20%, and 10% of its total number (139) ( Table 1) . In this trial, they are almost uniformly distributed over whole basin to reduce spatial bias.
(4) Model application
Flood simulation by using a Distributed Hydrological Model (DHM) was performed with different rainfall products; not-corrected TRMM and corrected TRMM. P73 and W3A shown in The DHM employed in this study is a grid-based geomorphology based hydrological model (GBHM).
9) It solves the continuity, momentum and energy equations using two modules; hillslope model and river routing model (Fig.2) . We used 1km grid as a unit computational element. Each unit is viewed as a rectangular inclined plane with a defined length and unit width. The inclination angle is given by the surface slope. In hillslope model, the vertical plane is divided into several layers, including canopy, soil surface, unsaturated zone and ground water. This module calculates hydrological processes such as canopy interception, evapotranspiration, infiltration and surface flow as well as exchanges between groundwater and surface water. In river routing model, we assumed accumulated lateral flow from hillslopes into the stream to simplify the process. Then, the water routing of the river network is determined along the river stream using one-dimensional kinematic wave equations. It allows us to compute discharge at each gauge point even in large catchments. Moreover, this hydrological model is effective for the risk assessment of flooding in basin scale because of the capability to consider data's spatial heterogeneity.
RESULTS AND DISCUSSION (1) Evaluation
RMSE and RE (2007-2010) at 9 stations and 3 basins in rainy seasons in target years are summarized in Table 2 . N.A means "Not Available data" due to missing data and N.D represents "No data". The representative stations were selected depending on the "Elevation range" and "Location" in Table 2 . That means the entirely distributed locations are considered to find overall trend at target basin. In this case, we focused on results from Ping River and Wang River because discharge simulation (P73, W3A) was implemented there.
Firstly, as scale increases (from gauge point to basin scale), RMSE is decreasing and the performance of satellite improves. Thus, the performance significantly depends on the evaluation scales. It can be inferred that TRMM measures and estimates precipitation patterns rather than short term and local event at single points. Secondly, most of REs values are positive. This means that TRMM tends to overestimate rain gauge measurements. However, REs values are negative (underestimation) at 7152, 7162, 16214 stations. Therefore, it indicates TRMM has regional tendency and error spatially. As a next step, this product requires spatial and temporal improvement by using REs at each gauge measurement points.
(2) Correction
Based on the evaluation step, we could obtain CF's distribution at each seasonal term (pre, main, post-monsoon) through 2007 to 2010 (Fig.3) . All available rain gauges are used for this step. The correction factors at each term are higher than 1 in upper basin and lower than 1 or close to 1 at lower basin. That means TRMM underestimates and needs to be multiplied by correction factors higher than 1 in upper basin; on the other hand, estimated correctly or slightly underestimates at lower basin. Fig 4 clearly shows relationship between RMSE and coverage area per one rain gauge. The broken line represents RMSE of uncorrected TRMM. RMSE increases as the density of rain gauge for correction network decreases. Thus, the effect of correction becomes weaker as distribution of rain gauge network get sparser. In addition, the relationship is not linear. These RMSE shown in Fig 4 fluctuate with changes in how to select rain gauges to reduce the number of them. However, in this case, RMSE can convert to the equation;y = 0.96 ln(x) − 3.4, R 2 = 0.95. RMSE of not-corrected TRMM is 4.73. Thus, minimum coverage area per one rain gauge to give better correction is calculated to 5,004.1 km 2 .
(3) Model application
The simulated discharges using not-corrected TRMM and corrected TRMM were shown in Fig. 5 by dashed and continuous lines, respectively. The observed discharge can be seen in white circles. The result indicates that even simulation of not-corrected product can still detect the peak discharge. It tends to overestimate discharge for high rainfall events. The simulation of corrected one can reduce the overestimation showing more accurate discharge in target period. Therefore, it can be shown that accuracy of precipitation is crucial for reliable flood forecasting by simulating the discharge. We also simulated inflow to Bhumipol dam in 2010 using not-corrected TRMM and corrected TRMM with average CF obtained from 2008 and 2009, and then compared them with the observed data (Fig. 6) . The results indicate that correction factors calculated in the past years can be applied for the following years.
In Fig 6, it should be noted that precipitation and discharge in 2010 is larger than the last three years. Nevertheless, corrected product can detect the peak of flooding and reduce the gaps of discharge between observed and simulated with not-corrected one in August and September. In October, simulated results showed peek discharge delayed and underestimated from that of observed. However, the comparison of total volumes of discharge by each product, i.e. 4.68 billion m 3 for observed discharge, 4.81 billion m 3 for corrected TRMM and 6.23 billion m 3 for not-corrected TRMM indicates that corrected TRMM improved simulated discharge volume. It is expected the applicability of correction factors can be made to coming years. 
CONCLUDING REMARKS
In this study, we demonstrated three steps to obtain reliable flood simulation using TRMM products: evaluation, correction for SBP and its application to hydrological model. At first, the performance of TRMM was evaluated, and then, we defined the correction factors considering monsoon effect. Next, DHM was run to validate spatial and temporal accuracy of corrected TRMM. The results suggest that the correction factors obtained for some years can be effective even for other years that have no information of correction factor. Moreover, the correction method shown in this study has possibility to apply for the following uses. Firstly, this method can be applied to other high resolution 
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satellite rainfall products such as Global Satellite Mapping of Precipitation (GSMaP), Precipitation Estimation from Remotely Sensed Information using Artificial Neutral Networks-Cloud Classification System (PERSIANN-CCS) and Climate Prediction Center morphing algorithm (CMORPH). The products also have local bias or tendencies in common with TRMM. Their error characteristics are just examined over the contiguous United States. 10) Even in basin scale, the underestimation (32% for CMORPH, 49% for PERSIANN-CCS) is performed in the Beressa Watershed, Ethiopia and the evaluation according to intensity of precipitation is analyzed.
11) Currently, TRMM is scheduled to be unavailable in 2014 when successor satellite, namely Global Precipitation Measurement (GPM), will be launched. Thus, these methodologies introduced in this study are expected to be useful for other available SBP data set. In addition, they may be applied to forecasting precipitation data which have considerable uncertainties by using the enhanced SBP. The process will allow us to assess the more accurate forecast data. Secondly, correction factors could extend where no rain gauge is available even in region with few rain gauges. Local rain gauge network of neighboring country could be applied to SBP correction for trans-boundary river basins. The approach of this study can be used even in regions with few gauge networks as long as there is at least one gauge per 5,000 km 2 . In southern part of Chao Phraya basin (its drainage area is 46,880km 2 ); the coverage area per one rain gauge is 5208km 2 . It shows there is still improvement to increase the number of rain gauges there.
Finally, the result in Fig 6 shows feasibility to simulate Bhumipol dam inflow more accurately by using corrected TRMM product even though there is still improvement. The improved simulation of dam inflow could lead to more effective dam operation. For example, it would be possible to cut discharge peak at lower region coupling with dam optimization scheme. Moreover, even if the discharge volume is larger than the dam capacity, we could consider dam release schedule to set storage reservoir in lower region. Since independent simulation of Bhumipol dam is not enough, joint dam operation with Sirikit dam would enable us more effective and integrate river management.
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